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This electronic supplementary material (Online Resource) contains more information on system definition, assumptions, and detail calculation of the results presented in the 
manuscript. 
Table SM1 System definition*) 
System 
component 
Foreground processes (default UPR of Ecoinvent v2.2, 2010) This study 
Main processes Substituted processes Allocation Data from literature, assumptions, and calculation 
Fragments of process flow 
diagram 
Palm oil  • Palm fruit bunches, at 
farm (ID#199: Malaysia, 
2002-2006). Economic 
outflow = 1 kg fresh 
fruit bunches. 
(Trunk was internally 
recycled; CO2 capture was 
modelled as an 
environmental inflow). 
 
• Palm fruit bunches, in 
oil mill (ID#150MO: 
Malaysia, 1995-2006). 
Economic outflows = 
0.2156 kg CPO, 0.0266 
kg PKO, and 0.0317 kg 
PKC. 
(Fiber, shell, and EFB 
were internally recycled; 
Treatment of POME was 
modelled as an economic 
inflow). 
- 
ID#150MO
Economic 
partitioning 
coefficients: 
CPO = 
81.3%, PKO 
= 17.3%, 
PKC = 
1.4%. 
: 
 
(Economic 
values in 
2006: CPO = 
RM 
1.490/kg, 
PKO = RM 
2.565/kg, 
and PKC = 
RM 
0.175/kg). 
• Fresh fruit bunches of 1 kg resulted in 0.1488 kg fibers 
of 60% DM, 0.0696 kg shell of 90% DM, and 0.2266 
kg EFB of 40% DM (Jungbluth et al, 2007). 
 
• At the production of 1000 kg CPO, the resulted fibers, 
shell, and EFB are 690 kg, 323 kg, and 1051 kg on wet 
basis, respectively; or 414 kg, 290.7 kg, and 420.4 kg 
on dry basis, respectively. 
 
• The impact of the default palm oil systems was 
corrected by excluding the contribution of EFB in 
energy production, a co-generation process as much as 
21.1 kg CO2-eq. 
 
• See Tables SM2 and SM3 for further detail.  
• Cradle-to-gate boundary 
(plantation and oil mills) 
ID#150MOID#199 FFB
PKC
CPO
PKO
 
 
 
• Gate-to-gate boundary      
(oil mills only) 
ID#150MOFFB
PKC
CPO
PKO
 
System 
component 
Foreground processes (default UPR of Ecoinvent v2.2, 2010) This study 
Main processes Substituted processes Allocation Data from literature, assumptions, and calculation 
Fragments of process flow 
diagram 
Mulch • Mulching (ID#171: 
Switzerland, 1991-
2002). 
 
(Services only, no material 
input for compost). 
• Ammonium 
nitrate, as N, at 
regional 
storehouse 
(ID#40<006484
-52-2>: Europe, 
1999). 
Economic 
outflow = 1 kg 
ammonium 
nitrate. 
• Single 
superphosphate, 
as P2O5, at 
regional 
storehouse (ID# 
54: Europe, 
1999). 
Economic 
outflow = 1 kg 
superphosphate. 
• Potassium 
chloride, as 
K2O, at regional 
storehouse 
(ID#50<007447
-40-7>: Europe, 
2000). 
Economic 
outflow = 1 kg 
potassium 
chloride. 
 • Land application as mulch would require 
approximately 30 ton fresh EFB per hectare (Haron, 
2013). Therefore, 1051 kg EFB resulted in 0.035 ha 
mulch. The economic outputs of the expanded system 
were 1270 kg CPO+PKO+PKC and 1051 kg or 0.035 
ha EFB mulch. 
 
• The fertilizing values of EFB mulch were adopted 
from Haron (2013), i.e. 0.8% N, 0.22% P2O5, and 
2.9% K2O fertilizer on dry basis. 
 
• Based on the above unit processes, the mulch was 
equivalent to 9.61 kg ammonium nitrate, 4.40 kg 
superphosphate, and 20.32 kg potassium chloride. The 
production of the above amount of inorganic 
fertilizers emitted 103.9 kg CO2-eq. Therefore, 
internal utilization of 1051 kg or 0.035 ha EFB mulch 
will avoid global warming impact as much as 103.9 
kg CO2-eq. 
 
• See Tables SM6a and SM7 for further detail. 
ID#171’ is a modified process 
with fresh EFB as an inflow 
and EFB mulch as an outflow. 
EFB
ID#171' Mulch
ID#150MOFFB
PKC
CPO
PKO
 
 
Substituted processes (1051 kg 
EFB mulch to replace 34.32 kg 
inorganic fertilizers) 
 
ID#40
ID#54
ID#50
Mixer
NH4NO3
P2O5
K2O
Inorganic 
fertilizer
 
System 
component 
Foreground processes (default UPR of Ecoinvent v2.2, 2010) This study 
Main processes Substituted processes Allocation Data from literature, assumptions, and calculation 
Fragments of process flow 
diagram 
Compost • Compost, at plant 
(ID#58: Switzerland, 
1999). Economic outflow 
= 1 kg compost. 
 
(Services only, no material 
input). 
•  
(ID#40<006484
-52-2>: Europe, 
1999). 
• (ID# 54: 
Europe, 1999). 
• (ID#50<007447
-40-7>: Europe, 
2000). 
 
The same as 
above 
- 
• Chiew and Shimada (2013) suggested that 2600 kg of 
fresh EFB resulted in 1000 kg compost with 
fertilizing values of 2.2% N, 1.28% P, 2.79% K on 
dry basis. 
 
• In the inventory, 1051 kg EFB of 40% dry matter was 
converted to 404.2 kg compost of 50% dry matter. As 
a result, the economic outputs of the expanded system 
were 1270 kg CPO+PKO+PKC+ 404.2 kg compost. 
 
• Based on the above unit processes, the compost was 
equivalent to 12.70 kg ammonium nitrate, 28.21 kg 
superphosphate, and 11.33 kg potassium chloride. 
 
• The production of the above amount of inorganic 
fertilizers emitted 188.3 kg CO2-eq. Therefore, 
internal utilization of 404.2 kg EFB compost will 
avoid global warming impact as much as 188.3 kg 
CO2-eq. 
• See Tables SM6b and SM7 for further detail. 
ID#58’ is a modified process 
with fresh EFB as an inflow 
and EFB compost as an 
outflow. 
EFB
ID#58' Compost
ID#150MOFFB
PKC
CPO
PKO
 
 
Substituted processes (404.2 kg 
EFB compost to replace 52.24 
kg inorganic fertilizers): 
ID#40
ID#54
ID#50
Mixer
NH4NO3
P2O5
K2O
Inorganic 
fertilizer
 
Ethanol • Wood, in distillery 
(ID#161MO: 
Switzerland, 1999-
2006). Economic 
outflows = 0.144 kg 
95% ethanol, electricity 
= 0.00649 kWh. 
 
(Input material was 
0.00232 m3 hardwood 
chips u=80% or 55.6% 
DM). 
 
• Ethanol, 99.7% in H2O, 
from wood, at 
• Petrol, 
unleaded, at 
refinery 
(ID#1570: 
Switzerland, 
1980-2000). 
Economic 
outflow = 1 kg 
petrol. 
 
(Petrol = 
gasoline) 
ID#161MO
Economic 
partitioning 
coefficients: 
: 
95% ethanol 
= 99.7%; 
electricity = 
0.3%. 
• Bulk density of hardwood chips (u=80% or 44.4% 
water content) was 556 kg DM/ton or 2.325 m3 chips 
(Jungbluth et al, 2007). 
 
• Solid content of 0.00232 m3 hardwood chips was 
equal to 0.55448 kg dry EFB. This amount of solid 
was converted to 0.144 kg of 95% ethanol, and 
further to 0.144 kg of 99.7% ethanol. Or, 420.4 kg dry 
EFB resulted in 109.3 kg of 99.7% ethanol. 
 
• As a result, the economic outputs of the expanded 
system were 1270 kg CPO+PKO+PKC+ 109.3 kg of 
99.7% ethanol 
 
• Assumed that inputs, ethanol product, and emissions 
Hardwood chips as default 
feedstock for ethanol 
production were replaced by 
EFB. 
PKC
EFB
Kg to m3 ID#161MO ID#1179595%Ethanol
99.7%
Ethanol
Electricity
ID#150MOFFB
CPO
PKO
 
Substituted processes (109.3 kg 
99.7% ethanol from EFB to 
replace 73.66 kg gasoline): 
 
ID#1570Crude oil Gasoline  
System 
component 
Foreground processes (default UPR of Ecoinvent v2.2, 2010) This study 
Main processes Substituted processes Allocation Data from literature, assumptions, and calculation 
Fragments of process flow 
diagram 
distillation (ID#11795: 
Sweden, 2000-2008). 
Economic outflow = 1 
kg 99.7% ethanol. 
 
(Input material was 1 kg 
95% ethanol). 
resulted from 1 kg dry EFB were equal to those from 
1 kg dry softwood chips. 
 
• The impact of the default ethanol process (57.1 kg 
CO2-eq ) was corrected by subtracting the impact of 
transporting feedstock as much as 14.9 kg CO2-eq. 
 
• Energy content of ethanol and gasoline were 31 
MJ/kg and 46 MJ/kg, respectively (Chiew and 
Shimada, 2013). Energy content of 109.3 kg of 99.7% 
ethanol was the same as that of 73.66 kg gasoline. 
 
• The production of the above amount of gasoline 
emitted 50.1 kg CO2-eq. Therefore, internal utilization 
of 109.3 kg 99.7% ethanol will avoid global warming 
impact as much as 50.1 kg CO2-eq. 
• See Table SM4 for further detail. 
Incinerator • Grass drying (ID#160: 
Switzerland, 1985-
2002). Economic 
outflow = 1 kg water 
evaporated. 
(Services only, no grass 
input). 
 
• Disposal, wood 
untreated, 20% water, to 
municipal incineration 
(D#2130: Switzerland, 
1994-2000). Economic 
outflow = disposal of 1 
kg wood waste. 
(Services only, no wood 
input). 
- 
ID#2130
No 
allocation 
applied for 
electricity 
and heat. All 
burdens 
were 
charged to 
the waste 
input. 
: • Solid content of 0.2266 kg EFB of 40% DM was equal 
to 0.1133 kg wood of 80% DM, i.e. 0.09064 kg. 
 
• Assumed that inputs and emissions resulted from 1 kg 
dry EFB were equal to those of 1 kg dry wood. 
 
• The EFB process consisted of ID#160’ (evaporation 
of 525.5 kg water) and ID#2130’ (incineration of 
525.5 kg wood of 80% DM). 
 
• See Table SM5 for further detail. 
ID#150MOFFB
PKC
CPO
PKO
EFB
ID#160' ID#2130'
 
 
 
 
ID#160’ is a modified process 
with EFB of 40% DM as an 
inflow and EFB of 80% DM as 
an outflow. 
 
ID#2130’ is a modified process 
with EFB of 80% DM as an 
inflow. 
System 
component 
Foreground processes (default UPR of Ecoinvent v2.2, 2010) This study 
Main processes Substituted processes Allocation Data from literature, assumptions, and calculation 
Fragments of process flow 
diagram 
EFB as co-
products 
• Palm fruit bunches, in 
oil mill (ID#150MO: 
Malaysia, 1995-2006). 
Economic outflow = 
0.2156 kg CPO, 0.0266 
kg PKO, 0.0317 kg 
PKC, and 0.2266 kg 
EFB at 40% DM. 
- 
ID#150MO
The same as 
above. 
: Market values of CPO and EFB as co-products: 
 
• FOB price of CPO at oil mills was IDR 9000/kg 
(GAPKI website, 2013). 
 
• FOB prices of EFB at oil mills were IDR 20/kg and 
IDR 50/kg. Often, it was free (Anonymous, field 
survey in Northern Sumatera, July 2011). 
ID#150MOFFB PKC
CPO
PKO
EFB
 
Notes: 
1) Ecoinvent processes were based on single-output and multi-output UPR (unit process raw) with infra-structure databases. 
2) Multi-output processes (ID#MO150 and ID#MO161) were added to the single-output process database, and the corresponding single-output processes were removed. 
3) ID#MO150 (palm oil) and ID#MO161 (ethanol 95%) are ID numbers of the multi-output UPR database, while the rest are ID numbers of the single-output UPR database. 
4) ID#171’ (mulch), ID#58’ (compost), ID#160’ (drying), and ID#2130’ (incineration) are modified version of the Ecoinvent processes in terms of input-output flows for the 
purpose of easy to understand presentation of the process diagram. 
5) IDR = Indonesian Rupiah; RM = Malaysian Ringgit; DM = dry matter; POME = palm oil mill effluent. 
Table SM2 Contribution analysis on the global warming performances of a palm oil system*) 
Processes  System boundary Cradle to gate**) Gate to gate***) 
Provision of land 43% 0 
Plantation operation 36% 0 
Lorry operation 4% 54% 
Oil mill operation < 0.5% 7% 
*) EFB together with fibers and shell were burned in a co-generation unit, and the resulted electricity and heat were used internally. 
**) Production of FFB (plantation) and CPO+PKO+PKC (oil mills). For the production of 1000 kg CPO, 123 kg PKO, and 147 kg PKC, the global warming performances 
were 1681.9 kg CO2-eq, 357.9 kg CO2-eq, and 29.0 kg CO2-eq, respectively. (2067.8 kg CO2-eq/1270 kg CPO+PKO+PKC). These figures do not add up due to round off. 
***) Production of CPO+PKO+PKC only (plantation stage was cut off). For the production of 1000 kg CPO, 123 kg PKO, and 147 kg PKC, the global warming performances 
were 117.7 kg CO2-eq, 25.0 kg CO2-eq, and 2.0 kg CO2-eq, respectively. (144.7 kg CO2-eq/1270 kg CPO+PKO+PKC). These figures do not add up due to round off. 
 
 
Table SM3 Co-generation*) of fiber, shell, and EFB to produce heat and electricity 
Raw materials 
(at 1000 kg produced CPO) 
Wet weight 
(kg) 
Dry weight 
(%) 
Dry weight 
(kg) 
Dry weight Ratio 
(%) 
Global warming impact**) 
(kg CO2-eq) 
Fibers 690 60 414.0 36.8 20.8 
Shell 323 90 290.5 25.8 14.6 
EFB 1051 40 420.4 37.4 21.1 
Total 100 56.4 
*) Unit process = wood chips, burned in cogen 6400kWth, allocation energy (ID#79MO: Switzerland, 2000-2001). In this inventory, partitioning coefficients based on energy 
content for electricity and heat were 9.7% and 90.3%, respectively. These figures do not add up due to round off. 
**) Bulk density of wood chips = 188.6 kg dry matter/m3 (wood chips, mixed, from industry, u=40%; ID# 2353: Europe, 2002); Emissions were assumed proportional to dry 
matter. The corrected global warming impact of the default palm oil system by excluding the contribution of EFB. Cradle-to-gate boundary = 2067.8 – 21.1 = 2046.7 kg CO2-
eq; Gate-to-gate boundary = 144.7 – 21.1 = 123.6 kg CO2-eq. 
 
Table SM4 Transportation of hardwood chips from forest to distillery 
Transported materials Weight 
(kg) 
Transport*) (km) Global warming impact 
(kg CO2-eq) Tractor and trailer Lorry 
Hardwood chips 1051 5 65 14.9 
*) Transport, tractor and trailer (ID#188: Switzerland, 1991-2002); Transport, lorry 20-28 ton, fleet average (ID#1942: Switzerland, 2005). 
The corrected global warming impact of the default ethanol process (excluding the contribution of feedstock transportation) = 57.1 – 14.9 = 42.2 kg CO2-eq. 
 
Table SM5 Incineration of EFB 
Unit processes EFB input Evaporated water Global warming impact 
Grass drying 1051 kg at 60% water 525.5 kg 237.1 kg CO2-eq 
Incineration 525.5 kg at 20% water - 6.2 kg CO2-eq 
Table SM6a Substituted inorganic fertilizers for mulch 
Fertilizer substitutes for mulch Active compoundsbased on Ecoinvent LCIs*) (%) Weight (kg)**) 
N P2O5 K2O Substituted mulch (dry matter) Inorganic fertilizers 
Ammonium nitrate 35   420.4 9.61 
Superphosphate  21  420.4 4.40 
Potassium chloride   60 420.4 20.32 
         
Total weight, kg 34.32 
Impact of producing fertilizers, kg CO2-eq 103.9 
*) The fertilizing value of EFB mulch was equivalent to 0.8% N, 0.22% P2O5, and 2.9% K2O fertilizer (Haron, 2013); 0.79% N, 0.23% P2O5, and 2.80% K2O fertilizer based 
on dry basis (Caliman et al, 2013). 
**) Based on molecular weight, N in NH4NO3 is 35%, P in P2O5 is 43.66%, and K in K2O is 82.98%. 420.4 kg dry mulch = 1051 kg fresh EFB x 40% dry matter. 
 
 
Table SM6b Substituted inorganic fertilizers for compost 
Fertilizer substitutes for compost Active compounds based on Ecoinvent LCIs (%) Weight (kg) 
N P2O5 K2O Substituted compost*) (dry matter) Inorganic fertilizers 
Ammonium nitrate 35   202.1 12.70 
Superphosphate  21  202.1 28.21 
Potassium chloride   60 202.1 11.33 
         
Total weight, kg 52.24 
Impact of producing fertilizers, kg CO2-eq 188.3 
*) Fresh EFB contained 40% DM (Jungbluth et al, 2007); Compost product had 50% DM (Nemecek and Kägi, 2007); Chiew and Shimada (2013): 2600 kg EFB was converted 
to 1000 kg EFB compost; EFB compost has fertilizing values equivalent to 2.2% N, 1.28% P, and 2.79% K on dry basis. 
 
 
Table SM7 Transportation of compost, mulch, and the substituted inorganic fertilizers*) 
Transported materials Weight 
(kg) 
Transport (km) Global warming impact 
(kg CO2-eq) Tractor and trailer Lorry Rail 
Compost 404.2 25 100 0 13.6 
Mulch 1051 25 100 0 35.2 
Inorganic fertilizers (compost substitute) 34.3 25 100 600 2.0 
Inorganic fertilizers (mulch substitute) 52.2 25 100 600 3.0 
*) Transport, tractor and trailer (ID#188: Switzerland, 1991-2002); Transport, lorry 3.5-16 ton, fleet average (ID#1941: Europe, 2005); Transport, freight, rail (ID#1983: 
Europe, 2000). Fresh EFB contained 40% DM (Jungbluth et al, 2007); Compost product contained 50% DM (Nemecek and Kägi, 2007). 
Additional transportation factors for the compost option = 13.6 – 3.0 = 10.6 kg CO2-eq. 
Additional transportation factors for the mulch option = 35.2 – 2.0 = 33.2 kg CO2-eq. 
 
